Abstract. Non-alcoholic fatty liver disease (NAFLD) has emerged as a public health issue with a prevalence of 15-30% in Western populations and 6-25% in Asian populations. Certain studies have revealed the alteration of microRNA (miRNA or miR) profiles in NAFLD and it has been suggested that miR-21 is associated with NAFLD. In the present study, we measured the serum levels of miR-21 in patients with NAFLD and also performed in vitro experiments using a cellular model of NAFLD to further investigate the effects of miR-21 on triglyceride and cholesterol metabolism. Furthermore, a novel target through which miR-21 exerts its effects on NAFLD was identified. The results revealed that the serum levels of miR-21 were lower in patients with NAFLD compared with the healthy controls. In addition, 3-hydroxy-3-methylglutaryl-co-enzyme A reductase (HMGCR) expression was increased in the serum of patients with NAFLD both at the mRNA and protein level. To mimic the NAFLD condition in vitro, HepG2 cells were treated with palmitic acid (PA) and oleic acid (OA). Consistent with the results obtained in the in vivo experiments, the expression levels of miR-21 were decreased and those of HMGCR were increased in the in vitro model of NAFLD. Luciferase reporter assay revealed that HMGCR was a direct target of miR-21 and that miR-21 exerted an effect on both HMGCR transcript degradation and protein translation. Furthermore, the results from the in vitro experiments revealed that miR-21 decreased the levels of triglycerides (TG), free cholesterol (FC) and total cholesterol (TC) in the PA/OA-treated HepG2 cells and that this effect was attenuated by HMGCR overexpression. Taken together, to the best of our knowledge, the present study is the first to report that miR-21 regulates triglyceride and cholesterol metabolism in an in vitro model of NAFLD, and that this effect is achieved by the inhibition of HMGCR expression. We speculate that miR-21 may be a useful biomarker for the diagnosis and treatment of NAFLD.
Introduction
Non-alcoholic fatty liver disease (NAFLD) is a complex health condition which is characterized by the excessive accumulation of fat in the liver. It ranges from simple steatosis to non-alcoholic steatohepatitis (NASH) and, potentially, cirrhosis (1) . With the increase in obesity and associated metabolic syndrome, NAFLD has emerged as a public health issue with a prevalence of 15-30% in Western populations (2-5) and 6-25% in Asian populations (6) . Accumulating evidence indicates that NAFLD is not only associated with liver-related morbidity or mortality, but also with an increased risk of coronary heart disease and other cardiovascular complications (7, 8) . Therefore, NAFLD is a new challenge for medical researchers.
MicroRNAs (miRNAs or miRs) are non-coding RNAs ~22 nt in length, which are emerging as important regulators involved in a number of normal homeostatic processes, including the regulation of metabolic pathways, cellular stress, immune defense and inflammation (9) (10) (11) . Certain studies have revealed the alteration of miRNA profiles in NAFLD (12) (13) (14) (15) . In the study by Li et al (12) , it was demonstrated that miR-21 was downregulated in the livers of mice with diet-induced NASH. This suggests that miR-21 is associated with NAFLD. However, to the best of our knowledge, there is no report to date on the role of miR-21 in NAFLD. In the present study, we measured the serum levels of miR-21 in patients with NAFLD and also performed in vitro experiments using a cellular model of NAFLD to further investigate the effects of miR-21 on triglyceride (TG) and cholesterol metabolism. Moreover, a novel target through which miR-21 exerted its effects on NAFLD was identified.
Materials and methods
Ethics statement and patients. The study was approved by the Ethics Committee of the Third Xiangya Hospital, Central South University, Changsha, China and written informed consent was obtained from each patient prior to participation. A total of 25 patients with NAFLD and 12 healthy controls were enrolled in the present study. The blood samples were collected prior to any therapeutic procedure. Approximately miR-21 regulates triglyceride and cholesterol metabolism in non-alcoholic fatty liver disease by targeting HMGCR 5 ml of venous blood was collected from each participant. The whole blood was centrifuged at 4,000 rpm for 10 min, then the supernatant serum was isolated and stored at -80˚C until analysis.
Cell culture. HepG2 cells were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA) and cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco/Invitrogen Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco). The HepG2 cells were incubated at 37˚C in 5% CO 2 humidity.
Transfection. The cells were seeded into a 6-well plate at a density of 1x10 5 cells/well. Transfection of cells with the miR-NC, miR-21 mimic, miR-21 inhibitor, HMGCR 3'-UTR plasmid and HMGCR overexpression plasmid was carried out using Lipofectamine 2000 (Invitrogen Life Technologies) in accordance with the manufacturer's instructions, followed by fatty acid treatment.
Fatty acid treatment. Palmitic acid (PA) and oleic acid (OA) were obtained from Sigma-Aldrich (St. Louis, MO, USA) and dissolved in isopropyl alcohol at a stock concentration of 800 mM. PA and OA were added to the culture medium at a concentration of 800 µM at a 1:2 molar ratio according to the method described in the study by Cazanave et al (16) . The concentration of the vehicle, isopropyl alcohol, was 1% in the final incubations.
Reverse transcription-quantitative (real-time) PCR. Total RNA was extracted from 100 µl of serum and cells using a miRNeasy Mini kit (Qiagen GmbH, Hilden, Germany) in accordance with the manufacturer's instructions. Total RNA (1 µg) was used as a template for reverse transcription using the First Strand cDNA Synthesis kit (Fermentas, Vilnius, Lithuania). Quantitative PCR was carried out using a SYBRGreen PCR kit (Applied Biosystems, Foster City, CA, USA) in a 7900 Sequence Detection System (Applied Biosystems). The mRNA expression level was expressed relative to the internal control using the comparative threshold cycle (Ct) method.
Western blot analysis. Mouse monoclonal antibodies against 3-hydroxy-3-methylglutaryl-co-enzyme A reductase (HMGCR; sc-271595) and GAPDH (sc-166574) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Proteins were extracted from the cells using a total protein extraction kit (Applygen Technologies Inc., Beijing, China) according to the manufacturer's instructions. Protein (50 µg) was separated on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis gel (SDS-PAGE) and transferred onto a polyvinylidene fluoride membrane (EMD Millipore Corp., Billerica, MA, USA). The membrane was blocked with 5% dry milk in Tris-buffered saline Tween-20 at room temperature for 1 h. After washing 3 times with PBS, the membrane was incubated with primary antibodies (HMGCR antibody, 1:800; GAPDH antibody, 1:2,000) at 37˚C for 2 h, then incubated with secondary antibody (horseradish peroxidase-labeled anti-mouse antibody, 1:4,000; sc-358914) at 37˚C for 1 h. The signals were detected using an ECL detection kit (Pierce Biotechnology, Inc., Rockford, IL, USA).
Luciferase reporter assay. The 3'-untranslated region (UTR) segment of HMGCR and its mutant were amplified and inserted into the pGL3-control luciferase reporter vector (Promega, Madison, WI, USA). The cells were co-transfected with the miR-NC/miR-21 mimic and HMGCR 3'-UTR using Lipofectamine 2000 reagent (Invitrogen Life Technologies) according to the manufacturer's instructions. Forty-eight hours later, the cell lysates were prepared and luciferase activity was measured using a luciferase assay kit (Promega).
Measurement of TG, free cholesterol (FC) and total cholesterol (TC) levels.
The levels of TG, FC and TC in the HepG2 cells were determined using commercial TG, FC and TC assay kits from Solarbio Inc. (Shanghai, China) following the manufacturer's instructions. Briefly, the cells were lysed in ice-cold cell lysis buffer and centrifuged at 1,500 x g for 5 min. The supernant was used for the determination of TG, FC and TC levels.
Statistical analysis. All data are presented as the means ± standard deviation. A two-tailed Student's t-test was used to analyze the statistical difference between 2 groups with SPSS 19.0 statistical software (SPSS, Inc., Chicago, IL, USA). A value of P<0.05 was considered to indicate a statistically significant difference.
Results

Expression of miR-21 and HMGCR in patients with NAFLD.
We investigated whether miR-21 is found in serum from patients with NAFLD by RT-qPCR. As shown in Fig. 1 , the serum levels of miR-21 were significantly downregulated in the patients with NAFLD compared with the healthy controls (P<0.05).
In addition, HMGCR mRNA and HMGCR protein levels in serum were determined by RTqPCR and western blot analysis, respectively. The mRNA level of HMGCR was significantly increased in the patients with NAFLD compared with the healthy controls (P<0.01; Fig. 2A ). As shown in Fig. 2B , the protein level of HMGCR was also higher in the patients with NAFLD than in the healthy controls (P<0.05).
Levels of TG, FC and TC in the in vitro model of NAFLD.
The HepG2 cells were treated with PA and OA to establish the in vitro model of NAFLD. Compared with the vehicletreated cells, the level of TG in the PA/OA-treated cells was significantly increased (P<0.01; Fig. 3A ). The levels of FC and TC were further examined. As shown in Fig. 3B and C, the levels of FC and TC were significantly increased in the PA/ OA-treated cells compared with the vehicle-treated cells.
Expression of miR-21 and HMGCR in the in vitro model of NAFLD.
As demonstrated by RT-qPCR (Fig. 4) , the PA/ OA-treated HepG2 cells showed a decreased expression of miR-21 (P<0.01). However, the expression of HMGCR was increased in the PA/OA-treated HepG2 cells at the mRNA and protein level compared with the vehicle-treated HepG2 cells (Fig. 5) .
miR-21 directly targets the HMGCR 3'-UTR and regulates HMGCR expression.
To investigate whether miR-21 regulates HMGCR expression, miR-21 mimic and miR-21 inhibitor were transfected into the HepG2 cells. It was demonstrated that the relative mRNA level of miR-21 was significantly increased in the miR-21 mimic-transfected cells, but decreased in the miR-21 inhibitor-transfected cells compared with the miR-NC-transfected cells (P<0.01; Fig. 6 ).
To determine whether HMGCR is a direct target of miR-21, HMGCR wild-type 3'-UTR or HMGCR mutated 3'-UTR was cloned into the luciferase reporter vector. As shown in Fig. 7 , the luciferase activity was significantly decreased in the cells co-transfected with the HMGCR wild-type 3'-UTR and the miR-21 mimic (P<0.05). However, transfection with the miR-21 mimic did not have any effect on the luciferase activity of the HMGCR mutated 3'-UTR (P>0.05).
As assessed by RT-qPCR and western blot analysis, the enhanced expression of miR-21 resulted in a significant decrease in HMGCR mRNA and protein expression. However, the suppression of miR-21 led to an increased HMGCR mRNA and protein expression (Fig. 8) .
Effect of miR-21 on the levels of TG, FC and TC in the in vitro model of NAFLD.
The miR-21 mimic was transfected into the vehicle-treated or PA/OA-treated HepG2 cells. As shown in Fig. 9 , the expression of miR-21 was significantly increased in the miR-21-transfected cells compared with the miR-NC- Using vehicle-treated HepG2 cells transfected with the miR-NC as the control, it was demonstrated that transfection with the miR-21 mimic significantly suppressed the level of TG in the vehicle-treated HepG2 cells. In addition, the levels of FC and TC were significantly decreased in the vehicle-treated HepG2 cells transfected with the miR-21 mimic. As for the PA/OA-treated HepG2 cells, the levels of TG, FC and TC were also decreased in the cells transfected with the miR-21 mimic compared with those transfected with miR-NC (Fig. 10) .
Effect of miR-21 on HMGCR expression in the in vitro model of NAFLD.
We then examined whether changes in miR-21 expression modulate HMGCR expression in PA/OA-treated HepG2 cells. As shown in Fig. 11 , the enhanced expression of miR-21 not only downregulated HMGCR expression in the vehicle-treated HepG2 cells, but also in the PA/OA-treated HepG2 cells both at the mRNA and protein level (Fig. 11) . 
HMGCR is involved in the effects of miR-21 on the levels of TG, FC and TC in the in vitro model of NAFLD.
To determine whether HMGCR is involved in the effects of miR-21 on the levels of TG, FC and TC in PA/OA-treated HepG2 cells, the HMGCR overxpression plasmid was transfected into the HepG2 cells. As shown in Fig. 12 , the HMGCR protein level was significantly increased in the cells transfected with the miR-21 mimic + HMGCR overexpression plasmid compared with the cells transfected with the miR-21 mimic; this was observed in both the vehicle-treated and PA/OA-treated HepG2 cells.
As shown in Fig. 13 , compared with the cells transfected with the miR-21 mimic, following transfection with the HMGCR overexpression plasmid, the levels of TG, FC and TC were significantly increased in both the vehicle-treated and PA/OA-treated HepG2 cells.
Discussion
Ahn et al (17) found that the expression of miR-21 was decreased in the livers from mice fed a high-fat diet and in Hepa 1-6 cells treated with stearic acid (SA), and that miR-21 upregulation markedly blocked the SA-induced intracellular lipid accumulation. In this study, we investigated miR-21 expression in NAFLD both in vivo and in vitro. The results revealed that the serum level of miR-21 was lower in patients with NAFLD. Subsequently, in order to mimic the NAFLD condition in vitro, HepG2 cells were treated with PA and OA. The concentration of free fatty acids (FFA) used in the experiments was similar to the fasting FFA plasma concentrations observed in human NASH, ranging from 700 to 1,000 µM (18) (19) (20) (21) . This treatment mimics the FFA lipotoxicity and steatosis which occurs during the course of the disease (22) . It was demonstrated that the levels of TG were significantly increased in the PA/OA-treated HepG2 cells; therefore, the in vitro model of NAFLD was successfully established. Consistent with the results from the in vivo experiments, the data revealed that miR-21 was also decreased in the in vitro model of NAFLD. A previous study found that HMGCR was relatively dephosphorylated in both phenotypes of NAFLD and thus in its active form (23, 24) . Increased HMGCR expression is associated with NAFLD (25) and is related to FC levels and the severity of liver disease (26) . In the present study, we examined the expression levels of HMGCR in patients with NAFLD and in an in vitro model of NAFLD. Both the in vivo and in vitro results demonstrated that HMGCR expression was upregulated in NAFLD.
Subsequently, we performed in vitro experiments to examine the effects of miR-21 on TG and cholesterol metabolism. It was demonstrated that miR-21 decreased the levels of TG, FC and TC in the PA/OA-treated HepG2 cells; this suggests that miR-21 regulates TG and cholesterol metabolism in NAFLD.
Cholesterol is mainly synthesized in the liver and cholesterol homeostasis is maintained by HMGCR transcriptional inhibition and enzyme modifications (27) . HMGCR is the rate-limiting enzyme in the hepatic cholesterol biosynthesis pathway (28) . HMGCR converts 3-hydroxy-3-methylglutarylcoenzyme A (HMG-CoA) to mevalonate and is the major target of cholesterol-lowering drugs (29) .
Using prediction software (http://www.microrna.org/), HMGCR was identified to be a predicted target gene of miR-21. In the present study, to the best of our knowledge, we demonstrate for the first time that HMGCR is a direct target of miR-21 through luciferase reporter assay. In addition, RT-qPCR and western blot analysis revealed that HMGCR expression was altered following transfection with the miR-21 mimic or miR-21 inhibitor. These observations suggest an effect of miR-21 on both HMGCR transcript degradation and protein translation.
HMGCR overexpression plasmid was also transfected into vehicle-treated or PA/OA-treated HepG2 cells. It was found that HMGCR reversed the reducing effects of miR-21 on TG, FC and TC levels in NAFLD. Thus, these results suggest that the effects of miR-21 on TG and cholesterol metabolism in NAFLD are mediated through HMGCR.
Taken together, our data confirm that miR-21 is downregulated in the serum of patients with NAFLD. miR-21 regulated TG and cholesterol metabolism in our in vitro model of NAFLD, and this effect was achieved through the inhibition of HMGCR expression. The present study provides evidence that miR-21 may be a useful biomarker for the diagnosis and treatment of NAFLD.
